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Abstract 
The digital image correlation technique is applied to investigate mixed-mode (I/II) fracture in five 
aerospace epoxy formulations, four of which are experimentally toughened. Stress intensity factors 
are extracted from displacement fields using the Williams method for a range of mode mixities. 
From these measurements, values of an effective resin KIIc are deduced and these are shown to have 
a statistically significant relationship with measured composite GIIc mode II toughness values. The 
differences in constraint between composite and bulk resin specimens are discussed. 
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a Crack length, mm 
c  Critical value 
T T-stress, MPa 
G Energy release rate 
K Stress intensity factor, MPam 
Q Load at failure, N 
r Radius (polar coordinates from crack-tip), mm 
s Sample standard deviation 
 Angle (polar coordinates from crack-tip),  
  
Introduction 
The long-term damage tolerance of composite aerospace structures is of obvious importance to 
airframe designers using these materials, and consequently any new composite material for 
consideration for primary-structure aerospace application must meet a wide range of minimum 
mechanical properties, including mode I and II toughness and compressive-strength after sustaining 
a set energy impact. 
Current aerospace composite materials for primary structure application are mostly interlaminar 
toughened, including primary structures of the Boeing 787 and the Airbus A350-XWB. Interlaminar 
particle toughening provides cost-effective improvement to toughness and damage tolerance 
without compromising stiffness or causing significant detriment to solvent resistance performance. 
Whilst increasing the intrinsic toughness of a resin generally increases both mode I and mode II 
toughness [1], the addition of interlaminar toughening particles introduces a variety of possible 
competing toughening mechanisms. Whilst some particles offer high levels of mode I and mode II 
toughness, others provide high mode I toughness, but disappointing levels of mode II toughness due 
to these particles causing cracks to divert straight into the fibre-bed, away from the tough 
interlaminar region. 
In order to formulate new materials for aerospace applications, in a timely and cost-effective way, it 
is of great benefit if formulations can be screened in as quick and as fundamental a form as possible, 
┘ｷデｴ ﾏｷﾐｷﾏ┌ﾏ ヴWゲﾗ┌ヴIWゲく Fﾗヴ ﾏ;ﾐ┞ ┞W;ヴゲが IﾗﾏヮﾗゲｷデW けゲ┞ゲデWﾏゲげ ｴ;┗W HWWﾐ SW┗WﾉﾗヮWS ┌ゲｷﾐｪ ﾏ┌Iｴ 
testing at a resin-only level; clearly advantageous when one considers the resources required to 
produce a quality prepreg using an in-development resin formulation. With the advent of third 
generation prepreg materials, with various exotic structures in the interlaminar region [2], 
developing formulations becomes ever more time-consuming. Limiting ourselves to the scope of 
particle toughening, there are countless micron scale thermoplastic, elastomer, inorganic etc. 
particles that are commercially available, and unlimited scope for engineering new particles.  
The bulk resin mode I fracture toughness of novel resin and resin-particle formulations is routinely 
measured using compact tension (CT) specimens. In the pure mode I case, it is well known that in 
general, improvement in mode I matrix toughness corresponds to an improvement in composite 
mode I toughness [1,3,4]. Due to the constrained length-scale in which crack tip yielding can occur, 
large increases in resin toughness generally result in smaller improvements in composite GIc. The 
resin mode I toughness generally bears little connection to composite mode II performance and no 
suitable method of measuring mode II fracture toughness of the matrix material has previously been 
identified [1]. So-called pure mode II toughness tests in polymeric materials struggle to apply a 
consistent shear force to the pre-crack tip; small differences in starter crack angle make a significant 
difference in applied KII/KI, which makes a global load-based method prone to large variation. 
Traditional mechanics assumes that if cracks grow between the plies in a laminar composite, in the 
direction of a shear load, then shear failure must occur. However, it is widely acknowledged that the 
IﾗﾐIWヮデ ﾗa けｷﾐデWヴﾉ;ﾏｷﾐ;ヴ ゲｴW;ヴ aヴ;Iデ┌ヴWげ ｷゲ ﾐﾗデ デヴ┌W ゲｴW;ヴ a;ｷﾉ┌ヴWき ;デ ; ﾏ;デWヴｷ;ﾉ ﾏWIｴ;ﾐｷゲデｷI ﾉW┗Wﾉ 
failure can be seen to be tensile-opening in nature [5][1]. Bonds are not seen to break by sliding 
mechanisms but instead shear hackles are seen on fracture surfaces, the 45° shape of which denotes 
failure in the tensile direction at a material level. Thus, micro-mechanically, interlaminar shear 
failure in composites is somewhat of a misnomer. 
Tﾗ ﾏW;ゲ┌ヴW デヴ┌W KIII ﾗヴ GIIIが デｴW a;ｷﾉ┌ヴW ﾏﾗSW ﾗa デｴW ゲヮWIｷﾏWﾐ ﾏ┌ゲデ HW ﾏﾗSW II ┘ｴｷIｴ ﾉW;Sゲ H;Iﾆ デﾗ 
デｴW ヴWケ┌ｷヴWﾏWﾐデ デﾗ Iﾗﾐゲデヴ;ｷﾐ Iヴ;Iﾆ-ヮ;デｴ H┞ ゲﾗﾏW ﾏWデｴﾗS ゲ┌Iｴ ;ゲ デｴW ;SSｷデｷﾗﾐ ﾗa SWWヮ ｪヴﾗﾗ┗Wゲ デﾗ ; 
デWゲデ ゲヮWIｷﾏWﾐが ;ゲ Wﾏヮﾉﾗ┞WS ｷﾐ ; ゲデ┌S┞ H┞ ‘;ﾏゲデWｷﾐWヴ ぷ6へく A ゲデ┌S┞ H┞ C;ヴヮｷﾐデWヴｷ Wデ ;ﾉく ぷ7へ ｷﾐデﾗ デｴW 
WaaWIデ デｴW ゲｷ┣W ﾗa ;ﾐ ｷﾐデWヴﾉ;ﾏｷﾐ;ヴ-デﾗ┌ｪｴWﾐｷﾐｪ け;ｪｪヴWｪ;デWげ ｴ;S ﾗﾐ GIII aﾗ┌ﾐS ﾐﾗ W┗ｷSWﾐIW aﾗヴ デｴW 
W┝ｷゲデWﾐIW ﾗa ; ﾏﾗSW II デﾗ┌ｪｴﾐWゲゲ ヮ;ヴ;ﾏWデWヴ ;aaWIデｷﾐｪ デｴW ふﾆｷﾐﾆWSぶ aヴ;Iデ┌ヴW ﾗa デｴWｷヴ ゲヮWIｷﾏWﾐゲく A 
ゲｷﾏｷﾉ;ヴ Iヴｷデｷケ┌W ﾗa GIII デWゲデゲ aﾗヴ IﾗﾏヮﾗゲｷデWゲ ┘;ゲ ﾏ;SW H┞ OげBヴｷWﾐ ぷ8へ ゲｴﾗ┘ｷﾐｪ デｴ;デ デｴW ゲﾉｷSｷﾐｪ ゲｴW;ヴ 
ﾏWIｴ;ﾐｷゲﾏゲ ;ゲゲ┌ﾏWS H┞ デｴW aヴ;Iデ┌ヴW ﾏWIｴ;ﾐｷIゲ SWaｷﾐｷデｷﾗﾐゲ ﾗa ﾏﾗSW II a;ｷﾉ┌ヴW Sﾗ ﾐﾗデ ﾗII┌ヴく IﾐゲデW;S 
デWﾐゲｷﾉW a;ｷﾉ┌ヴWゲ ｷﾐ デｴW ﾏ;デヴｷ┝ ﾗII┌ヴ ┌ﾐSWヴ IヴｷデｷI;ﾉ ゲｴW;ヴ ﾉﾗ;Sｷﾐｪく 
Hﾗ┘W┗Wヴが デｴW ヴWゲｷゲデ;ﾐIWゲ ﾗa Hﾗデｴ ﾉ;ﾏｷﾐ;ヴ IﾗﾏヮﾗゲｷデW ;ﾐS H┌ﾉﾆ ヮﾗﾉ┞ﾏWヴ デﾗ aヴ;Iデ┌ヴW ┌ﾐSWヴ ゲｴW;ヴ 
ﾉﾗ;Sｷﾐｪ ;ヴW ヮｴ┞ゲｷI;ﾉ Iｴ;ヴ;IデWヴｷゲデｷIゲ ﾗa ｪヴW;デ ゲｷｪﾐｷaｷI;ﾐIW デﾗ デｴW IﾗﾏヮﾗゲｷデW ;ﾐS ;Wヴﾗゲヮ;IW ｷﾐS┌ゲデヴｷWゲき 
ヮヴW-Iヴ;IﾆWS IﾗﾏヮﾗゲｷデW ゲヮWIｷﾏWﾐゲ ﾉﾗ;SWS ┌ﾐSWヴ ゲｴW;ヴ Sﾗ a;ｷﾉ ｷﾐ デｴW ゲｴW;ヴ SｷヴWIデｷﾗﾐ ;ﾐS ｴ;┗W ; 
ケ┌;ﾐデｷaｷ;HﾉW ヴWゲｷゲデ;ﾐIW デﾗ デｴｷゲ Iヴ;Iﾆ ｪヴﾗ┘デｴく CﾗﾏヮﾗゲｷデW けGIIIげ ｴ;ゲ HWWﾐ ゲｴﾗ┘ﾐ デﾗ HW ゲデヴﾗﾐｪﾉ┞ ヴWﾉ;デWS デﾗ 
S;ﾏ;ｪW デﾗﾉWヴ;ﾐIW ;ﾐS IﾗﾏヮヴWゲゲｷﾗﾐ ;aデWヴ ｷﾏヮ;Iデ HWｴ;┗ｷﾗ┌ヴ ぷ9がヲへく TｴWヴWaﾗヴWが aﾗヴ ; aﾗI┌ゲWS Waaﾗヴデ ｷﾐ 
ｷﾏヮヴﾗ┗ｷﾐｪ ｷﾐデWヴﾉ;ﾏｷﾐ;ヴ ゲｴW;ヴ デﾗ┌ｪｴﾐWゲゲ ｷﾐ IﾗﾏヮﾗゲｷデWゲ ｷデ ｷゲ ｷﾏヮﾗヴデ;ﾐデ デﾗ ┌ﾐSWヴゲデ;ﾐS デｴW ﾏWIｴ;ﾐｷゲデｷI 
HWｴ;┗ｷﾗ┌ヴ ﾗa デｴW ﾏ;デヴｷ┝ ﾏ;デWヴｷ;ﾉ ｷﾐ┗ﾗﾉ┗WSく Tｴｷゲ ヮ;ヮWヴ aﾗI┌ゲWゲ ﾗﾐ デｴW ﾗHゲWヴ┗;デｷﾗﾐ ﾗa ﾏｷ┝WS-ﾏﾗSW 
aヴ;Iデ┌ヴW HWｴ;┗ｷﾗ┌ヴ ｷﾐ ;Wヴﾗゲヮ;IW Wヮﾗ┝ｷWゲ ｷﾐ ﾗヴSWヴ デﾗ HWデデWヴ ┌ﾐSWヴゲデ;ﾐS デｴWｷヴ HWｴ;┗ｷﾗ┌ヴ ｷﾐ Hﾗデｴ H┌ﾉﾆ 
ヴWゲｷﾐ aﾗヴﾏ ;ﾐS ┌ﾉデｷﾏ;デWﾉ┞ ｷﾐ ;Wヴﾗゲヮ;IW IﾗﾏヮﾗゲｷデW IﾗﾏヮﾗﾐWﾐデゲく 
Dｷｪｷデ;ﾉ Iﾏ;ｪW CﾗヴヴWﾉ;デｷﾗﾐ ふDICぶ ｷゲ ; Iﾗﾐ┗WﾐｷWﾐデ デﾗﾗﾉ aﾗヴ SWデWヴﾏｷﾐｷﾐｪ Sｷゲヮﾉ;IWﾏWﾐデ aｷWﾉSゲ ;ヴﾗ┌ﾐS Iヴ;Iﾆ 
デｷヮゲく Iデ ｷゲ ; ヴﾗH┌ゲデが ﾐﾗﾐ-Iﾗﾐデ;Iデが IﾗﾏﾏWヴIｷ;ﾉﾉ┞ ;┗;ｷﾉ;HﾉW ゲデヴ;ｷﾐ ;ﾐS Sｷゲヮﾉ;IWﾏWﾐデ aｷWﾉS ﾏW;ゲ┌ヴｷﾐｪ デﾗﾗﾉ 
┘ｷデｴ ｪヴﾗ┘ｷﾐｪ ┌ゲW ｷﾐ ｷﾐS┌ゲデヴｷ;ﾉ ;ゲ ┘Wﾉﾉ ;ゲ ;I;SWﾏｷI ヴWゲW;ヴIｴく GヴW┞ゲI;ﾉW Sｷｪｷデ;ﾉ ｷﾏ;ｪWゲ ﾗa ; ヴ;ﾐSﾗﾏﾉ┞ 
ヮ;デデWヴﾐWS ゲヮWIｷﾏWﾐ ゲ┌ヴa;IW ;ヴW ヴWIﾗヴSWS ;ﾐS Iﾗﾏヮ;ヴWS ┘ｷデｴ ;ﾐ ｷﾐｷデｷ;ﾉ ｷﾏ;ｪW ﾗa デｴW ゲデヴ;ｷﾐ-aヴWW 
ゲヮWIｷﾏWﾐく Cﾗﾏヮ;ヴｷゲﾗﾐ ﾗII┌ヴゲ デｴヴﾗ┌ｪｴ Iヴﾗゲゲ-IﾗヴヴWﾉ;デｷﾗﾐ ;ﾉｪﾗヴｷデｴﾏ ヮWヴaﾗヴﾏWS ﾗﾐ けｷﾐデWｪヴ;デｷﾗﾐ 
┘ｷﾐSﾗ┘ゲげ ﾗa ヮｷ┝Wﾉゲが ┌ゲ┌;ﾉﾉ┞ ヱヵ-Βヰ ヮｷ┝Wﾉゲ ゲケ┌;ヴWく S┌Hヮｷ┝Wﾉ ;II┌ヴ;I┞ ｷゲ ﾗHデ;ｷﾐWS H┞ aｷデデｷﾐｪ ｷﾐデWヴヮﾗﾉ;デｷﾗﾐ 
a┌ﾐIデｷﾗﾐゲ デｴヴﾗ┌ｪｴ デｴW ｪヴW┞ゲI;ﾉW ﾉW┗Wﾉゲ ﾗa W;Iｴ ｷﾐデWｪヴ;デｷﾗﾐ ┘ｷﾐSﾗ┘く ‘;ﾐSﾗﾏ ヮ;デデWヴﾐゲ ;ヴW ﾏﾗゲデ ﾗaデWﾐ 
;ヮヮﾉｷWS ┌ゲｷﾐｪ ﾏ;デデ Hﾉ;Iﾆ ヮ;ｷﾐデ ゲヮWIﾆﾉWゲ ﾗﾐ ; ﾏ;デデ ┘ｴｷデW H;ゲWIﾗ;デく A IﾗﾏヮヴWｴWﾐゲｷ┗W W┝;ﾏｷﾐ;デｷﾗﾐ ﾗa 
デｴW DIC デWIｴﾐｷケ┌W I;ﾐ HW aﾗ┌ﾐS ｷﾐ デｴW Hﾗﾗﾆ H┞ S┌デデﾗﾐ Wデ ;ﾉく ぷ10へく 
Fヴﾗﾏ デｴW Sｷゲヮﾉ;IWﾏWﾐデ aｷWﾉSゲが aヴ;Iデ┌ヴW ヮ;ヴ;ﾏWデWヴゲ ﾏ;┞ HW W┝デヴ;IデWS ;ﾐS ┌ゲWS デﾗ ケ┌;ﾐデｷa┞ ;ﾐS 
┌ﾐSWヴゲデ;ﾐS aヴ;Iデ┌ヴW HWｴ;┗ｷﾗ┌ヴく Wｴｷﾉゲデ ヮｴﾗデﾗWﾉ;ゲデｷIｷデ┞ ｷゲ ﾗaデWﾐ ┌ゲWS aﾗヴ ゲ┌Iｴ ;ヮヮﾉｷI;デｷﾗﾐゲが デｴW 
aﾗヴﾏ┌ﾉ;デｷﾗﾐゲ ┌ﾐSWヴ ゲデ┌S┞ ｴWヴW ;ヴW ﾐﾗデ ゲ┌ｷデWS デﾗ デｴｷゲ デWIｴﾐｷケ┌W S┌W デﾗ ヴWﾉ;デｷ┗Wﾉ┞ ﾉﾗ┘ ﾉW┗Wﾉゲ ﾗa 
デヴ;ﾐゲヮ;ヴWﾐI┞く M┌Iｴ ┘ﾗヴﾆ ｴ;ゲ HWWﾐ I;ヴヴｷWS ﾗ┌デ ﾗﾐ デｴW W┝デヴ;Iデｷﾗﾐ ﾗa aヴ;Iデ┌ヴW ヮ;ヴ;ﾏWデWヴゲ aヴﾗﾏ ふ┌ゲ┌;ﾉﾉ┞ 
DICぶ Sｷゲヮﾉ;IWﾏWﾐデ S;デ; ぷ11が12が13が14へく Tｴｷゲ W┝デヴ;Iデｷﾗﾐ デ┞ヮｷI;ﾉﾉ┞ ｷﾐ┗ﾗﾉ┗Wゲ ｷデWヴ;デｷ┗Wﾉ┞ ﾏ;ヮヮｷﾐｪ 
Sｷゲヮﾉ;IWﾏWﾐデ aｷWﾉS S;デ; ｷﾐデﾗ WｷデｴWヴ デｴW Wｷﾉﾉｷ;ﾏゲろ ゲデヴWゲゲ aｷWﾉS ゲﾗﾉ┌デｷﾗﾐ  ぷ15へ ふWケ┌;デｷﾗﾐゲ ヱぶ ﾗヴ デｴヴﾗ┌ｪｴ 
デｴW M┌ゲﾆｴWﾉｷゲｴ┗ｷﾉｷ ;ヮヮヴﾗ;Iｴ SWデ;ｷﾉWS ｷﾐ ぷ16が 17へく 
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A ﾐ┌ﾏHWヴ ﾗa ゲデ┌SｷWゲ ぷヱヱが 18へ ｴ;┗W ｴｷｪｴﾉｷｪｴデWS デｴW ｷﾏヮﾗヴデ;ﾐIW ﾗa デｴW ;II┌ヴ;I┞ ﾗa デｴW SWaｷﾐWS Iヴ;Iﾆ-
デｷヮ ﾉﾗI;デｷﾗﾐ aﾗヴ DIC aヴ;Iデ┌ヴW ヮ;ヴ;ﾏWデWヴ W┝デヴ;Iデｷﾗﾐ ┌ゲｷﾐｪ デｴW Wｷﾉﾉｷ;ﾏゲ ﾏWデｴﾗSき デｴW ヮ;ヮWヴゲ ヴWaWヴWﾐIWS 
ｴWヴW Hﾗデｴ ｷﾐIﾗヴヮﾗヴ;デｷﾐｪ Iヴ;Iﾆ-デｷヮ ﾉﾗI;デｷﾐｪ ;ﾉｪﾗヴｷデｴﾏゲ デﾗ SWデWヴﾏｷﾐW Iヴ;Iﾆ-デｷヮ ﾉﾗI;デｷﾗﾐ aヴﾗﾏ デｴW 
Sｷゲヮﾉ;IWﾏWﾐデ aｷWﾉSく Aﾐ ;ﾉデWヴﾐ;デｷ┗W ﾏWデｴﾗS ┘;ゲ ヮヴWゲWﾐデWS H┞ LﾙヮW┣-CヴWゲヮﾗ Wデ ;ﾉく ぷヱヶへ ┌ゲｷﾐｪ デｴW 
M┌ゲﾆｴWﾉｷゲｴ┗ｷﾉｷ ﾏWデｴﾗSが IﾗﾏHｷﾐWS ┘ｷデｴ デｴW SﾗHWﾉ WSｪW-aｷﾐSｷﾐｪ ;ﾉｪﾗヴｷデｴﾏが デﾗ aヴ;Iデ┌ヴW ヮヴﾗHﾉWﾏゲ ┘ｷデｴ 
デﾗ┌ｪｴ ﾏ;デWヴｷ;ﾉゲ ;ﾐS ﾉ;ヴｪW Sｷゲヮﾉ;IWﾏWﾐデく 
 
Materials and methods 
Five different epoxy formulations; a base control resin A, and four experimentally toughened resins 
B, C, D and E, were supplied by an industrial partner and tested. Materials were toughened with 
W┝ヮWヴｷﾏWﾐデ;ﾉ ヮ;ヴデｷI┌ﾉ;デW けaｷﾉﾉWヴゲげが I;ﾐSｷS;デWゲ aﾗヴ ;Wヴﾗゲヮ;IW interlaminar toughening agents. The 
nature of these materials is commercially sensitive and as such some results have been normalised 
and details of the formulations have not been disclosed. 
The epoxy formulations were machined into a specimen geometry based on the work by Arcan and 
Banks-Sills ぷ19へく These allow mixed-mode loading from pure mode I, to almost pure mode II, 
performed at 15° loading intervals. Arcan-type specimens were chosen for their material efficiency 
and low crack-tip rigid body displacement to aid DIC measurement. Wｴｷﾉゲデ ﾐﾗデ ; aヴ;Iデ┌ヴW 
ｷﾐ┗Wゲデｷｪ;デｷﾗﾐが デｴW ゲデ┌S┞ H┞ T;ｴWヴ Wデ ;ﾉく ｷﾐ┗Wゲデｷｪ;デWS デｴW ゲｴW;ヴっデWﾐゲｷﾉW HWｴ;┗ｷﾗ┌ヴ ﾗa aﾗ;ﾏ ゲヮWIｷﾏWﾐゲ 
┘ｷデｴ DIC ┌ゲｷﾐｪ ;ﾐ AヴI;ﾐ-デ┞ヮW ;ヴヴ;ﾐｪWﾏWﾐデ ぷ20へく Fﾗヴ デｴW ヮ┌ヴW ゲｴW;ヴ ;ヴヴ;ﾐｪWﾏWﾐデ デｴW DIC ヴWゲ┌ﾉデゲ 
IﾉW;ヴﾉ┞ ゲｴﾗ┘WS ; ┌ﾐｷaﾗヴﾏ ゲｴW;ヴ ゲデヴ;ｷﾐ ;Iヴﾗゲゲ デｴW ゲヮWIｷﾏWﾐ ﾉｷｪ;ﾐSく TｴW ゲデ┌S┞ ┌ゲWS ; ﾏﾗSｷaｷWS AヴI;ﾐ 
;ヴヴ;ﾐｪWﾏWﾐデ デﾗ ;ﾉﾉﾗ┘ ┗;ヴｷ;HﾉW ヴ;デｷﾗゲ ﾗa IﾗﾏヮヴWゲゲｷﾗﾐっゲｴW;ヴ デﾗ HW デWゲデWS ｷﾐ ;SSｷデｷﾗﾐ デﾗ デWﾐゲｷﾗﾐっゲｴW;ヴく 
A specimen in the loading grips is shown in figure 1. Since toughness values were to be measured, 
sharp, naturally propagated cracks were generated by razor-tapping, and so a specimen with an 
edge-crack was necessary to enable this. Specimens are asymmetrical (notch on one side, machined 
out on other side) to ease specimen preparation. Tests were performed at room-temperature, 
ambient humidity conditions. 
A random speckle pattern of black paint on a white background was applied to the specimens using 
an airbrush. This gave speckle sizes of around 20-50 ´ﾏ ｷﾐ Sｷ;ﾏWデWヴ ふWケ┌ｷ┗;ﾉWﾐデ デﾗ ヴ-10 pixels on the 
camera CCD). 
A 2.0MP, 14bit LaVision 2D-DIC camera system was used with a Navitar PreciseEye long-field 
microscope lens, giving a field of view of 6.0 × 4.5 mm. The camera was fixed at an angle normal to 
the specimen, and rotated about the z-axis (out-of-plane) to be square to the crack. Cold, fibre-optic 
LED lighting was used. This arrangement is shown in figure 1. 
  
Figure 1 Experimental arrangement. Enlarged is a specimen in grips at a 45° loading angle. DIC field 
of view (yellow) and coordinate system are overlaid. 
LaVision Strainmaster 7.1 was used to determine displacement fields using multi-pass integration 
windows of size 64x64 pixels, trading some spatial resolution for absolute accuracy. These settings 
were determined through convergence study. DICITAC (Digital Image Correlation Intensity factor and 
T-stress Analyser Code) [21], a Matlab-based program created by Zanganeh [22] at the University of 
Sheffield ┘;ゲ ┌ゲWS デﾗ W┝デヴ;Iデ aヴ;Iデ┌ヴW ヮ;ヴ;ﾏWデWヴゲ aヴﾗﾏ ｷﾐSｷ┗ｷS┌;ﾉ Sｷゲヮﾉ;IWﾏWﾐデ aｷWﾉS けaヴ;ﾏWゲげ 
produced by the DIC calculations. The technique, algorithms and procedures are documented in 
[11]. Performing this technique on standard pure-mode I compact tension specimens of the same 
formulations, and comparing DIC-measured values with values derived by DICITAC, allowed the 
accuracy of this system to be determined. DIC-measured values were within ±ヰくヰヵ MP;кﾏ ﾗa デｴW 
けデｴWﾗヴWデｷI;ﾉげ ﾉﾗ;S-cell determined values [23]. 
In addition to the resin tests, the mode II fracture toughness of carbon-fibre composite specimens 
was measured. This was achieved by producing unidirectional prepreg on a prepreg tape line using 
an aerospace-qualified IM fibre using each experimental resin formulation. GIIc values were 
measured using a variation of the prEN 6034 End Notch Flexure (ENF) method; this method was 





Results and discussion 
Stress intensity values 
KI and KII values at failure; KIQ and KIIQ, (the subscript Q referring to the value at failure load Q, to 
avoid confusion with subscript 潔 referring to a material toughness value) were taken immediately 
prior to fracture and plotted against loading angle for all materials. These are presented in figures 
2a-e. These figures show that the data exhibits an approximately linear relationship between 15° 
and 90° loading, i.e. when KII > 0.  
Values of KI/K and KII/K (i.e. normalised for applied stress; K is globally applied stress ゝ multiplied by 
√a) for angled edge-cracks subjected to tension theoretically follow co-sinusoidal and sinusoidal 
based relationships respectively as the crack angle varies [24]. However the values at failure do not 
appear to follow this relationship, nor is there any reason kinking cracks in non-homogeneous 
materials would be expected to. Linear regression lines have been applied to these data to aid 
statistical processing. 
Investigating the multiple toughening mechanisms of the materials under question, including 
crazing/microcracking; crack path deviations and bifurcation; toughening agent debonding, cracking, 
Iヴ;Iﾆ HヴｷSｪｷﾐｪ ;ﾐS Iヴ;Iﾆ ヮｷﾐﾐｷﾐｪき ｷﾐ ;SSｷデｷﾗﾐ デﾗ けヮﾉ;ゲデｷIげ ゲｴW;ヴ ┞ｷWﾉSｷﾐｪ HWｴ;┗ｷﾗ┌ヴが ﾉW;Sゲ デﾗ デｴW ｷSW; 
that different toughening mechanisms contribute to toughness in different modes differently. There 
is a strong discontinuity in KIQ behaviour from pure mode I (i.e. KIc), to the mixed-mode stress 
intensity factor values (figure 2). The suspected reason for this step-change in behaviour is that as a 
non-zero shear component is introduced, the fracture behaviours, specifically the active toughening 
mechanisms, change significantly. All mixed-mode and mode II specimens failed with sudden, 
kinking cracks. However, the cracks of specimens loaded in pure mode I failed more progressively, 
without change in crack direction. 
Similar behaviour is observed in composite materials; gradual propagation, or sometimes stick-slip 
crack propagation occurs in mode I GIC DCB specimens, whilst sudden crack propagation occurs in 
mode II GIIc 3PB-ENF specimens. This idea is discussed in the recent GIIc testing standard 
ISO15114:2014 [25]. 
Similar step-like differences in toughness from pure mode I to the mixed-mode region have 
previously been observed in mixed-mode tests of carbon-epoxy in a study by Reeder [26]. All three 
of the carbon-epoxy materials tested exhibited an increase in GIQ (GI at failure) when GII was 
increased from zero. In the bulk resin specimens presented currently, the step-change for most 
materials (including the particle untoughened system) can be seen to be a decrease in mode I 
toughness rather than cause an increase. Thus, there is evidence that there is a step-like disparity 
between pure mode I behaviour and mixed-mode behaviour in both composite and bulk material. 
KI and KII values measured at the supposedly pure shear conditions of the 90 degree specimens were 
comparatively more difficult to measure than in the pure mode I and mixed-mode conditions due to 
relatively small displacements and the presence of tractions on the crack flanks. Indeed, some 
specimens measured slightly negative mode I components, indicative of crack closure and crack-
flank tractions (and non-compliance with the Williams equation boundaries). Consequently, a 
method of extracting a mode II fracture toughness from mixed-mode data, rather than relying solely 
on the 90 degree loading was sought. 
Numerous studies have used mixed-mode failure criteria to compare with experimental data. There 
are many different criteria, however the simplest and most widely used is the Mixed-Mode Failure 
Envelope (MMFE), equation (2). 
 峭計彫楢計彫頂嶌陳 髪 峭計彫彫町計彫彫頂 嶌津 髪 峭計彫彫彫町計彫彫彫頂嶌墜 噺 な (2) 
 
The fundamental assumption of the MMFE is that failure occurs at a material critical energy release 
rate Gc and that the three failure modes each contribute to failure relative to the toughness in the 
respective mode. Thus, failure can be separated into three commutable proportions of failure, one 
to each mode. This approach is used as a failure criterion in the widely used Virtual Crack Closure 
Technique (VCCT) for design of composite components [27]. 
It is noted that the selection of powers m, n and o using this method is not phenomenonalistic; 
powers are chosen for their fit.  
The previously mentioned study by Reeder [26], in which toughness Gc was observed to increase in 
carbon-epoxy composites at small, non-zero, levels of KII/KI, sought to identify the most appropriate 
a;ｷﾉ┌ヴW IヴｷデWヴｷ;く A ┘ｷSW ヴ;ﾐｪW ﾗa IヴｷデWヴｷ; ｷﾐ デｴW ﾉｷデWヴ;デ┌ヴW ┘WヴW ;ﾐ;ﾉ┞ゲWS デﾗ aｷﾐS ┘ｴｷIｴ Iﾗ┌ﾉS けI;ヮデ┌ヴWげ 
デｴｷゲ ヴｷゲW ｷﾐ デﾗ┌ｪｴﾐWゲゲが ｷﾐ ;ﾐ ;デデWﾏヮデ デﾗ aｷデ デｴW WﾐデｷヴW ﾏ;デWヴｷ;ﾉ HWｴ;┗ｷﾗ┌ヴ けI┌ヴ┗Wげが aヴﾗﾏ ヮ┌ヴW ﾏﾗSW I デﾗ 
pure mode II, to a semi-analytically derived failure criteria. The approach presented in this paper 
SｷaaWヴゲ ｷﾐ デｴ;デ ｷﾐゲデW;S ﾗa ;デデWﾏヮデｷﾐｪ デﾗ I;ヮデ┌ヴW デｴW IﾗﾏヮﾉW┝ けWﾉHﾗ┘げ I┌ヴ┗W that fitted through all 
points would make, the pure mode I behaviour has been analysed separately to the mixed-mode 
behaviour. As established earlier, the fracture failure ﾏWIｴ;ﾐｷゲﾏ ｷﾐ けHヴｷデデﾉWげ ﾏ;デWヴｷ;ﾉゲ under shear 
still occurs micromechanically, as a mode I fracture process, albeit after an apparent mode II value 
has been overcome. 
To account for the discrepancy in material behaviour between pure mode I and mixed-mode 
loading, the value of KIc in the MMFE was replaced with a mixed-mode effective value. This was 
defined by extrapolation of the mixed-mode KIQ regression line to the pure mode I, zero degree 
loading angle case. This is thought to give a failure value that appropriately describes the mode I 
けデﾗ┌ｪｴﾐWゲゲげ ┘ｷデｴ ヴWｪ;ヴSゲ デﾗ デｴW ﾏﾗSW I IﾗﾐデヴｷH┌デｷﾗﾐ デﾗ a;ｷﾉ┌ヴW ｷﾐ ﾏｷ┝WS ﾏﾗSW ﾉﾗ;Sｷﾐｪく Tｴ┌ゲが デｴｷゲ 
value of effective KIc aims to sum the influence of mode I デﾗ┌ｪｴWﾐｷﾐｪ ﾏWIｴ;ﾐｷゲﾏゲ デｴ;デ ;ヴW け;Iデｷ┗Wげ 
under kinking failure and remove those that do not contribute toward kinking failure, but do 
contribute toward the more progressive fracture observed in (pure mode I) compact tension tests. It 
is worth mentioning that the KIQ values at 伺 = 0, the pure mode I case, were in close agreement with 
KIc values as measured using standard, compact tension specimens and the BS ISO 13586 method 
[28]. Through this modification of the standard MMFE criteria, it was found that despite the non-
ヮ┌ヴW ゲｴW;ヴ a;ｷﾉ┌ヴWが デｴｷゲ WﾏヮｷヴｷI;ﾉ SWゲIヴｷヮデｷﾗﾐげゲ Wﾐ┗WﾉﾗヮW IﾉﾗゲWﾉ┞ aｷデデWS デｴW ﾏ;デWヴｷ;ﾉ-specific 
behaviours of our results. 
By disregarding the mode III contributions, and using empirically appropriate powers m and n of 1, a 
value of KIIc can be determined for each specimen tested. At low loading angles, KIIc >> KIIQ which 
resulted in numerical instability and so only specimens of 伺 д ンヰェ ┘ere considered. Values of 
apparent KIIc for each material were averaged, and the standard deviation of each set was 


































































































KI, pure mode I (E)
Linear (KI, mixed-mode (E))
Linear (KII (E))
Li r ( I mixed-mode) 
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A 1.00 1.00 0.22 22% 
B 1.98 1.17 0.19 16% 
C 2.54 1.25 0.30 24% 
D 0.89 0.90 0.20 23% 
E 1.37 1.09 0.28 26% 
 
Resin KIIc results were compared to composite mode II fracture toughnesses of each formulation 
(figure 3). The average GIIc value from six to thirteen specimensげ ;┗Wヴ;ｪW GIIc values are presented. 
GIIc values have been normalised to the baseline resin けAげく 
 
Figure 3 に Resin apparent KIIc against composite GIIc for experimentally toughened systems 
Figure 3 suggests that there is a positive correlation between the shear component at fracture in 
resin, i.e. the normalised resin KIIc using a mixed-mode failure locus, and the composite interlaminar 
shear behaviour, i.e. GIIc. 
In a composite subject to mode II loading there are ; ﾏ┌ﾉデｷデ┌SW ﾗa ｷﾐSｷ┗ｷS┌;ﾉ けIヴ;Iﾆゲげ resisting mode I 
growth under shearが ;ゲ W┗ｷSWﾐIWS H┞ デｴW ┌Hｷケ┌ｷデﾗ┌ゲ けゲｴW;ヴ ｴ;IﾆﾉWげ of GIIc fracture surfaces. The 
resin mixed-mode tests presented here describe a method of measuring an apparent resin shear 
toughness, indicating the resistance of the crack to kinking toward mode I and subsequently 
propagating. This is thought to be analogous to the micromechanical behaviour of the resistance of 
individual hackles. Consequently, it is understandable that small differences in け┌ﾐIﾗﾐゲデヴ;ｷﾐWSげ H┌ﾉﾆ 



























Resin KIIc (normalised) from mixed-mode failure locus using KIc-MM-eff 
KIIc error bars: 鯨継捲違 噺 罰嫌【 券 
As one continues to increase resin mode I toughness, improvements in composite GIc are more 
difficult to realise and the relationship flattens since less benefit can be exploited within the tightly 
constrained, narrow resin interlaminar layer in a composite [1]. However, for small improvements in 
the micromechanical mode II resin toughness, the opposite situation appears to occur, and huge 
improvements in composite GIIc are realised. This is due to the laminate structure constraining the 
fracture between the plies, allowing toughening effects to occur over a longer distance along the 
crack-path. 
The resin GIc values calculated in this study are lower than the composite GIIc values. However, this 
compounds the difficulties in studying mode II performance further; the failure mechanism in both 
resin shear-loaded fracture and composite GIIc ENF test are already both inherently unstable and 
both are subject to much scatter. Nevertheless, statistically significant differences in resin shear 
fracture performance have been measured and these favourably correspond to composite 
performances.  
Conclusions 
2D digital image correlation and parameter extraction has been shown to be a useful tool in the 
analysis of fairly brittle materials such as epoxy. It has been shown that the shear fracture 
performance of composites can be related to the behaviour of the matrix resin under a shear 
component. It is hoped that this study can form the basis for showing further links between resin 
shear fracture behaviour and composite shear fracture behaviour, aiding the understanding and 
development of new, tougher aerospace materials. 
Difficulties in comparing mode II behaviour in resins and mode II behaviour in composites have 
arisen previously and been blamed on the huge differences in constraint and behaviour between the 
two systems [6]. The increase in constraint in a composite changes the global behaviour and hugely 
increases the energy release rate from a bulk, unconstrained state. The results from the five 
materials presented here suggest that at a local mechanistic level crack behaviour is similar and 
quantifiable. 
It has been shown that performing direct measurements of parameters at failure, rather than relying 
upon shape-function and load-based methods, offers a promising insight into connecting the 
material behaviour of matrix and composite. 
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